CdS thin films were grown onto glass substrates at the substrate temperature of 573 ± 5 K by ultrasonic spray pyrolysis technique. The electrical and optical properties of the films were characterized before and after thermal annealing by using electrical resistivity measurements and UV/VIS spectrophotometer, respectively. Thermal annealing of CdS films was carried out in air ambient at various annealing temperatures from 473 to 673 K. The variation in electrical conductivity and optical parameters such as transmittance, absorbance and energy band gap of the films with thermal annealing temperature was investigated.
Introduction
Cadmium sulphide (CdS), belonging to the II-VI group, is an n-type direct band gap semiconductor (E g = 2.42 eV). It is studied extensively because of its band gap, high absorption coefficient, reasonable conversion efficiency, good stability and low cost [1] [2] [3] . CdS has a wide range of technical applications such as window layer for photovoltaic solar cells, optical detectors and optoelectronic devices, thin film transistors for flat panel displays [4] [5] [6] .
Knowledge of some physical properties such as optical, electrical and structural properties of CdS films is very important in many scientific and technological applications in the field of optoelectronic devices, especially photovoltaic solar cells. Hence, in this work, we report the influence of the thermal annealing temperature on the electrical resistivity, optical properties and morphology of CdS films.
Experimental
The CdS thin films were prepared by using ultrasonic spray pyrolysis (USP) system. and controlled by a flowmeter. The distance between the nozzle and the substrate was maintained at 35 cm and the substrate temperature of 573 K was controlled within ±5 K by using an iron-constantan thermocouple. After deposition, thermal annealing process in air ambient at different temperatures of 473, 573 and 673 K for 1 h was performed.
The electrical resistivity measurements of the films were carried out by using Lucas Lab Pro 4-440N four--point resistivity systems. The transmittance and absorbance spectra for all the films were recorded by a Shimadzu UV-2550 (double beam, 190-900 nm) spectrophotometer. Surface morphologies and roughness measurements were determined by atomic force microscope (AFM, Park Systems XE-70). The thickness of the films were measured by Filmetrics F20 thin film thickness measurement system and listed in Table I .
Results and discussion

Electrical resistivity analysis
For the electrical characterization of the films, four--probe technique has been performed, and the electrical resistivity values listed in Table I have been calculated. The electrical resistivities of all films are high, and thermal annealing temperature has not important effect on the electrical properties of the as-deposited CdS films. To determine the electrical conductivity type of CdS films, hot-probe technique was used and it was seen that the films show n-type conductivity. 
Optical properties and energy band gap
The wavelength dependence of the optical absorbance and transmittance spectra for the as-deposited and annealed at different temperatures CdS films in the range of 350-900 nm are shown in Fig. 1 , measured at room temperature in air. From the absorbance spectra, it is seen that the absorbance increases with the decrease in wavelength. The sharp increase in absorbance at the wavelength λ < 550 nm is due to the onset of interband transitions at the fundamental edge. From the transmittance spectra, it is clearly seen that the average optical transmission values in the visible region for all films are low. The average optical transmittance in the wavelength region (from 550 to 900 nm) of as-deposited ZnO thin films is about 33%, while after annealing at 473 K, 573 K, and 673 K, the transmittance is 26%, 38%, and 31%, respectively. The transmittance is evidently increased for the films annealed at 573 K, while decreased for other annealed films. This effect of thermal annealing on the transmission of as-deposited CdS films may be due to the some physical effects such as structural, surface irregularity, and defect density.
The absorption coefficient (α) was analyzed using the following expression for near-edge optical absorption of semiconductors [7, 8] :
where hν is the incident photon energy. To determine the band gap energy E g , the (αhν) 2 versus hν for all films are plotted and presented in Fig. 2 . The band gap could be obtained from extrapolating the straight portion of the graph on hν axis at α = 0. The determined band gap energy values are listed in Table II . The optical band gap of the as-deposited CdS films slightly increases with the thermal annealing, but this increase is not considered as important. The absorption coefficient α in the low energy range generally follows the exponential law, which is given by the Pankove expression [8] . By using this expression and the slopes of the linear relationship between ln α and hν given in Fig. 3 , the Urbach parameters E 0 for the all films were estimated, and these results are given in Table II . The (ln α) vs. hν for the CdS thin films as--deposited and thermal annealed.
Morphological characterization
Atomic force microscopy (AFM) measurements were performed to obtain the surface roughness CdS films as--deposited and annealed at different temperatures. Figure 4 shows the AFM images with scanning area of 
× µm
2 of the films. For all the films, it is observed clearly that the numerous protruded terraces, holes, and cracks are randomly distributed on the surface of the films and their surfaces are not homogeneous. The as--deposited CdS films have a root mean square (RMS) roughness of about 12.93 nm. For the films annealed at 473 K and 573 K, the RMS roughness decreased to 3.76 nm and 5.10 nm, respectively; while for the films annealed at 673 K the RMS roughness inversely increased to 12.61 nm. The surface morphology of the as-deposited CdS films appears to change significantly as a function of the thermal annealing temperature.
